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Abstract
Pressure acting on a bridge superstructure with a π-shaped and a rectangular cross-sections are measured. The characteristics of
the pressure acting on the underside of the bridge deck are investigated. The pressure caused by air compression on the underside
of the bridge deck is also discussed. The author shows that the pressure at the landward corner inside the bridge superstructure
with the π-shaped cross-section was caused by the air compression. The author also shows that the pressure acting on the seaward
point on the underside of the model bridge deck with the π-shaped cross-section was smaller than that acting on the landward
point on the underside under just breaking and non-breaking wave conditions.
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1. Introduction
Massive tsunamis cause severe damage to coastal zones. Many buildings including bridges can be washed away
by massive tsunamis. If a bridge for a major road is washed away, rescues and transportation of relief can be delayed.
The tsunami wave force has not been taken into account in the present design of bridges in Japan. Therefore, the
characteristics of tsunami loads acting on bridges have to be investigated in order to take effective countermeasures
against tsunamis.
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Several works on tsunami fluid force or wind wave force acting on bridges and the stability of bridges against
tsunami have been conducted since Indian Ocean Tsunami in 2004. More works on them have been conducted since
Hurricane Katrina in 2005 and Great East Japan Tsunami in 2011. Shoji and Moriyama (2007) measured the fluid
force acting on bridge beams and examined their characteristics and the stability of the bridges. Cuomo et al. (2007,
2009) measured the wave force and pressure acting on a coastal and a harbor structures and investigated their
characteristics. Xiao et al. (2010) conducted numerical research on the fluid motion around the Biloxy Bay Bridge
under a severe storm surge and analyzed the uplift force caused by wind waves acting on the bridge. Bricker and
Nakayama (2014) simulated a flow around a bridge of which deck was swept away by Great East Japan Tsunami
and investigated factors contributing to deck failure. Seiffert et al. (2014) and Hayatdavoodi et al. (2014) investigated
wave forces acting on a flat plate and a plate with girders due to solitary wave and compared each other.
The author has conducted several studies on wave loads acting on bridges and have showed the fundamental
characteristics of wave pressures acting on bridges (Araki and Deguchi, 2009; 2010; 2011). The force caused by the
compression of air trapped inside the structure acts at a moment under several conditions when a wave strikes a
structure. The author also investigated the force caused by air compression acting on bridge decks with concavities
(Araki and Deguchi, 2013). In the present study, pressures acting on model bridge decks with a π-shaped and a
rectangular cross-sections are measured. The characteristics of pressures and the occurrence of pressure due to air
compression on the underside of the bridge deck with π-shaped cross-section are discussed.
2. Hydraulic Experiment
Hydraulic experiments were conducted in a 44.0 m long and 0.7 m wide wave flume. Figure 1 shows the wave
flume and the experimental set-up. Wooden model bridges were installed above the boundaries between the 1/40
and 1/100 bottom slopes. The 1/40 and 1/100 bottom slopes were assumed to be a seabed and a riverbed slopes,
respectively. The sides of the model bridge were closed so that air inside the concavities would not leak. Solitary
waves generated by piston-type wave maker were used for measuring pressures acting on the model bridge decks.
The still water depth at the model bridge d ranged from 0.075 m to 0.16 m. The clearance between the model bridge
and the still water level cl ranged from 0.035 m to 0.085 m. The wave height of the solitary waves at the wave gauge
installed 0.2 m in front of the model bridge H ranged from 0.068 m to 0.146 m. The parameters of the waves
generated in the flume was decided so that the wave with various types of wave breaking, which is mentioned later,
can act the model bridge. The pressure acting on the model bridge deck was measured at ten points by pressure gauge
(P1–P10). In this paper, the characteristics of the pressures measured at the underside of the model bridge are mainly
discussed. In the experiments, wave loads acting on the whole bridge superstructure was also measured by
semiconductor strain gauges on a cantilever-type force measuring device made with aluminum.
Figures 2 and 3 show the dimension of the model bridge, the cross-sections of the model bridges, and the points
where pressures were measured. The arrows of Fx and Fz in Figure 3 represent the positive direction of the horizontal
and vertical components of the wave loads, respectively. Figure 4 shows a photograph of the model bridge installed
in the wave flume. The model scale was assumed to be 1:50. The wave breaking was classified into three categories
by visual observation; just breaking where the incident wave breaks just in front of the model bridge, breaking where
the incident wave breaks approximately 0.5 m or more off the model bridge and non-breaking where the incident
wave has not broken at the moment of the impingement on the model bridge.
3. Characteristics of Pressure
3.1. Time series of pressure
Figure 5 shows a typical example of the time series of the pressures measured at P2 and P5 and the vertical
component of the wave load acting on the whole bridge superstructure Fz with the π-shaped cross-section under a
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Fig. 1. experimental set-up. Fig. 2. model bridge.
(a) π-shaped cross-section. (b) rectangular cross-section.
Fig. 3. cross-section of model bridge superstructure.
Fig. 4. model bridge installed in wave flume.
breaking wave condition. P2 and P5 are the pressure acting on the seaward side and the underside of the model
bridge deck, respectively. ηmax is the maximum rise in the water surface from the still water level just in front of the
model bridge. Although there is a sharp peak in the time series of the pressures acting on the seaward side of the
model bridge at P2, the pressure acting on the underside of the model bridge at P5 is almost zero during the wave
attack on the model bridge. The vertical component of the wave load Fz is also almost zero.
Figure 6 shows a typical example of the time series of the pressures measured at P2 and P5 and the vertical
component of the wave load acting on the whole bridge superstructure Fz with the π-shaped cross-section under a
non-breaking wave condition. In this case, an oscillatory pressure was measured in the time series of the pressure
acting on the underside at P5. An oscillation was also measured in the time series of the vertical wave load Fz. In
many of the cases under the non-breaking wave conditions, an oscillation was measured in the time series of the
pressure acting on the underside of the model bridge and the vertical wave load. As Araki and Deguchi (2013)
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(a) wave pressure at P2. (a) wave pressure at P2
(b) wave pressure at P5 (b) wave pressure at P5.
(c) vertical wave load. (c) vertical wave load.
Fig. 5. time series of pressures and Fz (π-shaped cross-section) Fig. 6. time series of pressure and Fz (π-shaped cross-section)
(ηmax = 0.112 m, d = 0.125 m, cl = 0.08 m, breaking). (ηmax = 0.101 m, d = 0.14 m, cl = 0.065 m, non-breaking).
have already discussed, this oscillatory pressure probably results from the air compression at the underside of the
model bridge deck with the π-shaped cross-section.
3.2. Pressure acting on underside of model bridge
Figures 7 shows the relationship between the maximum pressure pmax acting on the underside at P3 and the
maximum rise in the water surface above the model bridge deck. The vertical axis shows the maximum pressure
normalized by the water density ρ, the gravitational acceleration g and the wave height just in front of the model
bridge H. The horizontal axis shows the maximum rise in the water surface above the model bridge deck ηmax – cl
normalized by the still water depth at the model bridge d. Figures 7(a) and 7(b) show the relationships for the model
bridge decks with the π-shaped and the rectangular cross-sections, respectively. The red, green and blue circles show
the maximum pressures under just breaking, breaking and non-breaking wave conditions, respectively. The blue
triangle in Figure 7(b) shows the maximum pressure acting a seaward point on the underside of a model bridge deck
with a rectangular cross-section measured by Araki and Deguchi (2011). All the maximum pressures represented by
the blue triangle were measured under non-breaking wave conditions. The normalized maximum pressures at P3 of
the model bridge with the π-shaped cross-section are almost zero under the just breaking and breaking wave
conditions shown in Figure 7(a). It is supposed that the reason why the normalized maximum pressures at P3 under
the just breaking and the breaking wave conditions are almost zero is that the seaward plate shielded the pressure
measuring point P3 from wave attacks. On the other hand, the maximum pressures at P3 of the model bridge with
the rectangular cross-section under the just breaking and breaking wave conditions shown in
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(a) π-shaped cross-section. (b) rectangular cross-section.
Fig. 7. maximum pressure acting on underside of model bridge at P3.
(a) π-shaped cross-section. (b) rectangular cross-section.
Fig. 8. maximum pressure acting on underside of model bridge at P4.
Figure 7(b) are not zero. This is because the incident waves struck the pressure measuring point P3 of the model
bridge with the rectangular cross-section.
Figures 8(a) and 8(b) show the relationships between the maximum pressure pmax acting on the underside at P4
and the maximum rise in the water surface above the model bridge deck ηmax – cl with the π-shaped and the
rectangular cross-sections, respectively. Many of the normalized maximum pressures at P4 of the model bridge with
the π-shaped cross-section are almost zero under the breaking wave conditions shown in Figure 8(a), which is the
same as the normalized maximum pressure at P3. The normalized maximum pressure at P4 of the model bridge with
the π-shaped cross-section is also almost zero in the range of the smaller value of the normalized maximum rise in
the water surface above the model bridge deck under the just breaking wave conditions. However, larger normalized
maximum pressure at P4 can be seen in the range of the larger value of the horizontal axis. It seems that the degree
of the shielding against wave attack by the seaward plate is smaller than that for the pressure measuring point P3.
Figures 9(a) and 9(b) show the relationship between the maximum pressure pmax acting on the underside at P5
and the maximum rise in the water surface above the model bridge deck ηmax – cl with the π-shaped and the
rectangular cross-sections, respectively. Many of the normalized maximum pressures at P5 of the model bridge with
the π-shaped cross-section are almost zero under the breaking wave conditions shown in Figure 9(a), which is the
same as the normalized maximum pressures at P3 and P4. However, the normalized maximum pressures at P5 of the
model bridge with the π-shaped cross-section are approximately 2.0 times larger than the normalized maximum
459 Susumu Araki /  Procedia Engineering  116 ( 2015 )  454 – 461 
pressure at P4 under the just breaking and the non-breaking wave conditions. Judging from the oscillatory pressure
in the time series, e.g. Figure 6(b), the pressure at P5 under the non-breaking wave conditions probably results from
the air compression under the model bridge deck as already mentioned. On the other hand, there is no significant
difference among the normalized maximum pressures acting on the underside at P3, P4 and P5 of the model bridge
with the rectangular cross-section.
3.3. Pressure caused by air compression
The peak of the oscillatory pressure measured on the underside at P5 caused by the air compression under the
non-breaking wave condition was estimated because the oscillation of the pressure at P5 was the most remarkable
of those at three points (P3, P4 and P5). Mitsuyasu (1966) proposed the following equation for estimating the peak
value of the pressure caused by the air compression without air leakage from the air-cushion model proposed by
Bagnold.
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(a) π-shaped cross-section. (b) rectangular cross-section.
Fig. 9. maximum pressure acting on underside of model bridge at P5.
Fig. 10. model of air compression under bridge superstructure.
Fig. 11. estimation of maximum pressure at P5.
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where Bg is the Bagnold number, pap* is the peak value of the absolute pressure of the trapped air which is compressed
or expanded, p0* is the absolute pressure of the atmospheric pressure, ρ is the water density, k is the thickness of the
added mass of the impinging water, and u0 and D are the upward velocity of the water surface and the thickness of
the trapped air at the moment when the air is just trapped, respectively.
The air inside the bridge superstructure is considered to be compressed at the landward corner. In this estimation,
the air was assumed to be compressed at the landward one third area inside the bridge superstructure in order to
apply Eqs. (1) and (2). The area is shown in Figure 10 as a shaded area. The thickness of the trapped air D was
assumed to be the height of the concavity inside the bridge superstructure (= 0.036 m). The thickness of the added
mass of the impinging water was assumed to be k = πl/8 on the basis of the work by Sawaragi (1995), where l is the
width shown in Figure 10 (l = 0.052 m). Figure 11 shows the comparison between the maximum values of the
pressures at P5 measured in the experiment and estimated by Eqs. (1) and (2). The vertical axis shows the maximum
pressure normalized by the atmospheric pressure. The horizontal axis shows the Bagnold number. In the figure, the
solid line shows the maximum pressure estimated by Eqs. (1) and (2). Although the area where the air was
compressed was simplified, the equations approximately estimated the maximum pressures under the non-breaking
wave conditions. In addition, the equations estimated the upper limit of the pressures under the just breaking wave
conditions. From this estimation, it is judged that the air inside the bridge superstructure was compressed in most of
the cases under the non-breaking wave condition and in several of the cases under the just breaking wave condition.
4. Conclusions
In this study, the wave pressure acting on the underside of the model bridge deck with the π-shaped cross-section
was measured. The characteristics of the measured wave pressure were discussed, comparing with those acting on
the model bridge with the rectangular cross-section. The main results in this study are summarized as follows:
In the time series of the pressure acting on the underside at P5, an oscillatory pressure was measured in many of
the cases under the non-breaking wave condition. This oscillation resulted from the air compression inside the model
bridge superstructure with the π-shaped cross-section. However, the time series of the pressure acting on the
underside of the model bridge was almost zero during the wave attack on the model bridge in many of the cases
under the breaking wave condition.
The normalized maximum pressures acting on the underside at P3 of the model bridge deck with the π-shaped
cross-section under the just breaking and the non-breaking wave conditions were smaller than those at P5 of the
model bridge with the π-shaped cross-section. The reason for this was seems to be that the seaward plate shielded
the pressure measuring point P3 from wave attacks.
The magnitude of the normalized maximum pressure at P3 of the model bridge with the rectangular cross-section
under the just breaking and the non-breaking wave conditions were as large as that at P3 under breaking wave
condition. In addition, the magnitude of the normalized maximum pressure at P3 of the model bridge with the
rectangular cross-section was as large as those at P4 and P5.
The equations proposed by Mitsuyasu (1966) approximately estimated the maximum pressure measured at P5 in
most of the cases under the non-breaking wave condition and in several of the cases under the just breaking wave
condition, which means that the air inside the model bridge superstructure was compressed by wave attack.
461 Susumu Araki /  Procedia Engineering  116 ( 2015 )  454 – 461 
References
Araki, S., Deguchi, I., 2009. Experimental study on tsunami fluid force on bridge across narrow river. Proceedings of the 5th Asian and Pacific
Coasts. Singapore, pp. 143-150.
Araki, S., Ishino, K., Deguchi, I., 2010. Stability of girder bridge against tsunami fluid force. Proceedings of the International Conference on
Coastal Engineering, Shanghai, China, No. 32, Paper #: structures 56. Retrieved from http://journals.tdl.org/ICCE/
Araki, S., Deguchi, I., 2011. Characteristics of wave pressuer and fluid force acting on bridge beam by tsunami. Proceedings of the 6th Coastal
Structures. Yokohama, Japan, pp. 1299-1310.
Araki, S., Deguchi, I., 2013. Wave force acting on bridge with cross-section of concave shape. Proceedings of Coasts, Marine Structures and
Breakwaters 2013. Edinburgh, U.K., pp. 1380-1389.
Bricker, J. D., Nakayama, A., 2014. Contribution of Trapped Air, Deck Superelevation, and Nearby Structures to Bridge Deck Failure during a
Tsunami. Journal of Hydraulic Engineering, ASCE, 2014.140.05014002.
Cuomo, G., Matteo, T., Allsop, W., 2007. Wave-in-deck Loads on Exposed Jetties. Coastal Engineering, 54, pp. 657-679.
Cuomo, G., Shimosako, K., Takahashi, S., 2009. Wave-in-deck Loads on Coastal Bridges and the Role of Air. Coastal Engineering, 56, pp. 793-
809.
Hayatdavoodi, M., Seiffert, B., Ertekin, R. C., 2014. Experiments and Computations of Soiltary-wave Forces on a Coastal-bridge Deck, Part II:
Deck with Girders. Coastal Engineering, 88, 210-228.
Mitsuyasu, H., 1966. Shock pressure of breaking waves.  Proceedings of the 10th International Conference on Coastal Enginnering. Tokyo, Japan,
pp. 268-283.
Sawaragi, T., 1995. Coastal Engineering- Waves, Beaches, Wave-Structure Interaction. Developments in Geotechnical Engineering, 78, Elsevier,
pp. 143-144.
Seiffert, B., Hayatdavoodi, M., Ertekin, R. C., 2014. Experiments and Computations of Solitary-wave Force on Coastal-bridge Deck, Part I: Flat
Plate. Coastal Engineering, 88, 194-209.
Shoji, G., Moriyama, T., 2007. Evaluation of the Structural Fragility of a Bridge Structure Subjected to a Tsunami Wave Load. Journal of Natural
Disaster Science, 29, pp. 73-81.
Xiao, H., Huang, W., Chen, Q., 2010. Effects of Submersion Depth on Wave Uplift Force Acting on Biloxy Bay Bridge Decks during Hurricane
Katrina. Computers & Fliuds, 39, 1390-1400.
